Performance study of high operating temperature HgCdTe mid wave infrared detector through numerical modeling
Temperature-sensitive junction transformations for mid-wavelength HgCdTe photovoltaic infrared detector arrays by laser beam induced current microscope In this paper, we report on the disappearance of the photosensitive area extension effect and the unusual temperature dependence of junction transformation for mid-wavelength, n-on-p HgCdTe photovoltaic infrared detector arrays. The n-type region is formed by B þ ion implantation on Hgvacancy-doped p-type HgCdTe. Junction transformations under different temperatures are visually captured by a laser beam induced current microscope. A physical model of temperature dependence on junction transformation is proposed and demonstrated by using numerical simulations. It is shown that Hg-interstitial diffusion and temperature activated defects jointly lead to the p-n junction transformation dependence on temperature, and the weaker mixed conduction compared with long-wavelength HgCdTe photodiode contributes to the disappearance of the photosensitive area extension effect in mid-wavelength HgCdTe infrared detector arrays. V C 2014 AIP Publishing LLC.
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HgCdTe-based photodiodes are widely used in the fabrication of various infrared detectors for military and civil purposes. [1] [2] [3] [4] [5] [6] [7] [8] [9] They have the advantages of high sensitivity, tunable cutoff wavelength, and relatively wide operating temperature range. However, the performance of HgCdTebased infrared focal plane arrays (IRFPAs) is still strongly affected by different material defects and a complex doping mechanism in the manufacturing process. [10] [11] [12] Any nonuniformity specifications often limit the yield of devices in large HgCdTe-based infrared arrays, which results in low yields and high cost. Currently, laser-beam-induced-current (LBIC) microscopy, as a high-resolution, nondestructive optical technique, has been applied to measure the junction performance of each pixel in HgCdTe IRFPAs at an intermediate processing stage, [13] [14] [15] [16] which could significantly promote efficiency and save costs. LBIC measurement can produce spatially resolved information about the properties of internal p-n junctions and electrically active defects. This technique proved to be effective in detecting the junction formation or transformation and served as an important guideline for optimizing the underlying mechanisms in HgCdTe-based photovoltaic devices. However, the analysis of LBIC imaging of HgCdTe-based photovoltaic detector has been accepted as a challenging task because of many factors affecting the LBIC profile. These factors include geometrical parameters of the specific device structure including junction length, width, depth, and material properties including the bandgap, carrier lifetime, diffusion length, and other non-ideal effects such as ion implantation induced defects, mixed conduction effect, localized junction leakage, and Schottky contacts. The influences of surface recombination and Schottky contacts on LBIC signal have been reported by Redfern et al. 13, 14 Feng et al. 16 reported the localized junction leakage current mechanisms in the vacancy-doped Hg 1Àx Cd x Te (x ¼ 0.31) photodiodes by measuring LBIC signals with different temperatures. This work illustrated that the asymmetry in the LBIC line profile was dependent on the device temperature due to the change of dominant localized leakage current. The photosensitive area extension in different long-wavelength HgCdTe photodiodes formed by B þ ion implantation at a low temperature (87 K) compared to that at room temperature (300 K) has been studied by Chen et al. 17 However, extended defects induced by B þ ion implantation always exist in mid-wavelength HgCdTe infrared arrays and cause great damage to the detection ability of these devices. Few studies are available on the mechanism of junction type transformation due to the implant-induced defects and the spatial distribution of B þ ion implantation damage region in mid-wavelength HgCdTe infrared arrays. Those temperature-sensitive defects play a very significant role in the junction type and can produce a deformation of LBIC profile under different temperatures. Therefore, it is possible to analyze the potential implant-induced defects in HgCdTe IRFPAs through precise LBIC measurements under low and high temperatures. A high-spatial-resolution and temperature controlled LBIC measurement platform is definitely required for the characterization of junction transformation in midwavelength HgCdTe IRFPAs.
In this paper, the temperature dependence of junction performance for mid-wavelength HgCdTe arrays is visually captured by our LBIC measurement platform. It is found that the photosensitive areas under different operating temperature are approximately the same size, which demonstrated the disappearance of photosensitive area extension effect. At a)
Author to whom correspondence should be addressed. . The n þ -on-p junctions were fabricated through B þ ion implantation with an ion-implantation size of W % 14 lm. After the B þ ion implantation and removal of photoresist, a graduated junction is formed due to the Hg-interstitial diffusion.
18-20 Figure 1 shows the crosssectional structure of HgCdTe infrared array element, two remote contacts were made on either side of the pn junction for LBIC measurements. The LBIC signal profiles of the sample under different temperatures were obtained in a cryostat using a laser microscope. The laser beam operated at a wavelength of 632.8 nm, focusing a 1.5 lm diameter spot on the sample and stepping across in the horizontal direction. Finally, the LBIC maps associated with electrically active defects and localized nonuniformities in HgCdTe diodes are recorded by a SR830 DSP lock-in amplifier. The detailed structure of LBIC measurement refers to the literature. 21 The two-dimensional steady-state simulations are performed by use of Sentaurus Device V R , a commercial package for semiconductor devices. The drift-diffusion model is used, which includes the Poisson equation, the carrier continuity equations, and the current transport equations. [22] [23] [24] The photo-generation term G is simulated by raytracing 
where k is the wavelength, a(k, z) is the absorption coefficient of HgCdTe material, 26 J(x, y, z 0 ) is the optical beam spatial variation of intensity over the window where rays enter the device, and z 0 is the position along the ray where absorption begins.
Shockley-Read-Hall (SRH), radiative, and Auger recombination terms are considered in the carrier generationrecombination process. The equations are
where A and B are the SRH recombination and radiative recombination coefficients, respectively, and C n and C p, are the Auger recombination coefficients for HgCdTe-based infrared detectors. In addition, the trap-assisted tunneling (TAT) mechanism is incorporated into the generationrecombination process for considering the tunneling effect in HgCdTe-based narrow bandgap detectors. The extended formulae for the coefficients of A, C n , C p B, and TAT generation can be found in Ref. 27 . Additionally, Fermi-Dirac statistics are used in the simulations. 28 The experimental LBIC signal profiles at temperatures of 300 K and 87 K, shown in Fig. 2 , demonstrate that the above-mentioned photosensitive area extension effect had disappeared. According to the principle of LBIC measurement, 14 ,17 the horizontal size of the localized photosensitive area can be confirmed by measuring the peak-to-peak width of the LBIC signal profiles. At 300 K, the middle peak-topeak width of the periodic LBIC signal is 12 lm. The value is close to the design junction width of 14 lm due to the measurement error of 1 lm and is in good agreement with the B þ ion implantation window. Hence, these peaks correspond to the junction zone at both ends, and the other peakto-peak width reflecting the total photosensitive area increases from 14 lm to 47 lm and are mainly due to the Hg interstitials diffusion. The experimental LBIC profile at 87 K is very different from that at 300 K, which is a bimodal curve for the typical n þ -on-p junction. Note that the peak-to-peak widths are almost the same with the size of total photosensitive area at 300 K, so there is no photosensitive area extension effect. A signal polarity inversion in the ion implantation region can be found compared to that at 87 K. These phenomena indicate that the electrical properties of the samples in the ion implantation region change from low temperature to room temperature.
Note that the electrical properties in ion-implantationregion will be changed with increasing operating temperature. To understand the mechanisms of the abnormal LBIC signal inversion, a reasonable temperature-activated model of junction transformation is developed including deep traps introduced by ion implantation. As is known, the process of B þ ion implantation could introduce deep level traps in ptype HgCdTe. [28] [29] [30] [31] With the increase of temperature, these traps (acceptor-type) will be gradually activated, resulting in a large decrease in the number of free electrons. At room temperature, the n þ -type layer is possible to be changed back into n À or p-type. Considering the impact of the Hg interstitials diffusion region, the structure of p-n-on-p coupling junction is formed as shown in Fig. 3 , where the total photosensitive area can be larger than the ion implantation window. At 87 K, the traps induced by B þ ion implantation are almost inactive in the implantation region. A typical non-p junction is built, whose total photosensitive area should be the same with that at 300 K. This assumption is confirmed by the peak-to-peak width of LBIC experimental signal profiles at 87 K and 300 K (see Fig. 2 ).
In addition, the mixed conduction effect for longwavelength p-type HgCdTe materials must be taken into account. Several researchers 21, [32] [33] [34] found that the mixed conduction of Hg 1Àx Cd x Te (x % 0.226, 0.224) can transform the p-type absorption layer to an n-type layer. This mixed conduction effect is mainly caused by the higher electron mobility compared with that of holes and the temperatureincrease-generated large number of intrinsic carriers, and the narrower forbidden bandgap, resulting in the more obvious mixed conduction effect. Figure 4 shows the experimentally measured Hall coefficient profiles as a function of temperature in two p-type Hg 1Àx Cd x Te samples (x % 0.227 and 0.31). The results show that Hg-vacancy p-type Hg 1Àx Cd x Te (x % 0.227) long-wavelength material will transform to ntype material at temperatures above 100 K; however, this inversion will not happen in Hg 1Àx Cd x Te (x % 0.31) midwavelength material.
As a result, a simple p-on-n inversion junction will be formed in long-wavelength HgCdTe implemented by B þ ion implantation technology, 21, 33 where the size of the photosensitive area at 300 K is almost equal to the ion implantation window. That explains why the total photosensitive area is dependent on temperature in long-wavelength HgCdTe.
To examine the theory for the model of junction transformation, the simulations of LBIC profiles at both 300 K and 87 K were performed using the drift-diffusion model. Figure 5(a) shows the numerical simulation results of the LBIC signal profile at 300 K based on the model of a p-n-onp coupling junction with the different doping density in the ion implantation region. It can be observed that a new peak LBIC signal with inverse polarity emerges in the B þ ion implantation region. The simulation curve exhibits good agreement with the experimental result, which demonstrates the validity of junction transformation models (see Fig. 3 ). At the same time, the relative value of LBIC signal between the new junction and the original junction is strongly dependent on the acceptor density, which increases in the ion implantation region. It should be noted that a narrow valley can be found in the experimental LBIC profiles at 87 K, which may reflect the difference of doping density in this area due to an imperfections in practical ion implantations. To fit the experiment LBIC at low temperature, a region with a series of lower doping density in the left side of pn junction center was assumed in the simulations, and this assumption is verified by the numerical simulation. Figure 5(b) shows the numerical simulation results of the LBIC signal profile at 87 K. It appears that a new valley can be introduced in the region with lower doping density, whose absolute value increases with the decrease of donor doping density.
In conclusion, the temperature dependence of junction performance in mid-wavelength Hg 1Àx Cd x Te (x % 0.3088) photovoltaic arrays fabricated by B þ ion implantation technology has been studied using the LBIC characterization method. A room temperature model of a p-n-on-p coupling junction is proposed and validated by numerical simulations. The results show that temperature-activated deep traps introduced by ion implantation and Hg interstitial diffusion are the main mechanisms for the coupling of the LBIC signal with inverse polarity in the B þ ion implantation region. A wider band gap compared with a mid-wavelength HgCdTe photodiode may cause the effect of the disappearance of the junction extension effect between 87 K and 300 K. This paper may provide the basis for a better understanding of ionimplantation-induced junction transformation on p-type HgCdTe and serve to increase the applications of midwavelength HgCdTe infrared detectors fabricated by B þ ion implantation technology.
